A hybrid closed bomb-strand burner is used to measure the burning behavior of the titanium subhydride potassium perchlorate pyrotechnic with an equivalent hydrogen concentration of 1.65. This experimental facility allows for simultaneous measurement of the closed bomb pressure rise and pyrotechnic burn rate as detected by electrical break wires over a range of pressures. Strands were formed by pressing the pyrotechnic powders to bulk densities between 60% and 90% theoretical maximum density. The burn rate dependance on initial density and vessel pressure are measured. At all initial strand densities, the burn is observed to transition from conductive to convective burning within the strand. The measured vessel pressure history is further analyzed following the closed bomb analysis methods developed for solid propellants.
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Introduction
Devices containing pyrotechnic powders are utilized in a wide range of defense and commercial applications ranging from nuclear weapon components to automobile airbags to firework displays for their ability to rapidly generate high gas pressures suitable for performing mechanical work. Pyrotechnics rapidly generate gas from chemical reactions that occur within a burn front propagating through the material. The rate of mass consumption of the pyrotechnic into gaseous products within this moving burn front depends on the intrinsic burning rate r of the material and the burning surface area. The intrinsic burning rate is primarily determined by the chemical ingredients, their proportions in the composition and their thermochemical properties. Non-ideal processes associated with phase changes, chemical impurities, and macroscopic properties may alter the combustion characteristics, or intrinsic burning rate, causing variations in performance (Kosanke et al., 2004) . As with many other energetic materials, the intrinsic burning rate is typically described with a steady state burning rate law. The formalism often used is that of Vieille's equation, r = a 0 + a 1 P n , where a 1 and n are empirically fitted to closed bomb and/or strand burner data over specified pressure ranges and a 0 is taken as zero. If the initial burning surface area linearly progresses, as in the case of conductive burning, the intrinsic burning rate also represents the surface regression rate. Thus, the mass regression rate dm/dt can be calculated from the condensed phase density, burning surface area and surface regression rate. This is commonly followed for the case of solid propellants, where the intrinsic burning rate of the propellant can be directly related to the linear regression distance with consideration of the burning surface area as determined from the propellant grain geometry (viz. slab, cord, single-or multi-perforated grain) (AMC, 1964) .
As one could expect however, such calculations are not nearly as simple for pyrotechnics which are generally used in devices as pressed powder beds containing connected porosity, locally-varying density gradients, and no added binder. The gas pressures generated from the moving burn front may cause events such as powder grain or powder bed fragmentation, powder bed compaction, flame acceleration into powder bed cracks or connected porosity, or distortion of the particle surface area by phase changes. Each of these effects result in changes to the burning surface area invalidating the assumption of linear regression rate (Velicky, 1983; Tao et al., 1989) . Because of these complications, computational prediction of the burn rates in pyrotechnics is still a significant challenge such that most system-level performance predictions must rely on historically-used empirical relations that assume a linear burning surface area regression which may not even be remotely applicable for porous pyrotechnic beds in certain situations. As our needs for computational predictive capabilities grow to include the assessment of performance margins, off-normal operation, and changing material characteristics such as manufacturing lot variations, the models derived by empirically fitting experimental data with a single relationship will need to be replaced with a science-based model that captures the critical physics. For the case of combustion in pressed powder beds of pyrotechnics, this includes the ability to predict the burning surface area in porous beds by addressing bed compaction, in-pore combustion, and multiphase flow of the combustion gases and condensed phase particles. This is an incredibly complicated problem that will require advanced computional algorithms in addition to more precise, highly-diagnosed experimental data. We only begin to address these needs by collecting data from the titanium subhydride potassium perchlorate pyrotechnic (TiH 1.65 /KClO 4 or THKP) in an experimental facility that is well-characterized experimentally and analytically in the literature for solid propellant studies.
Historically, titanium potassium perchlorate (Ti/KClO 4 ) (Massis, 1996) and titanium hydride potassium perchlorate (TiH 2 /KClO 4 ) (Sorensen et al., 2006; Massis et al., 1975) have been extensively studied. More recently, titanium subhydrides (TiH x ) with equivalent hydrogen concentrations of 0.45 < x <1.9 have been used in more applications (Massis, 1996; Collins et al., 1980) . During the late 1980's and coinciding with the powder characterization activities on these subhydrides (Erickson et al., 1986 (Erickson et al., , 1989 Erickson, 1984; Rogers, Jr. et al., 8 89; Begeal and Stanton, 1982; Baer and Shepherd, 1983) , the majority of the burn rate studies on TiH x /KClO 4 were carried out by two sets of researchers.
Beginning in 1986, the first measurements on the combustion behavior of TiH x /KClO 4 for values of 0.65 < x < 1.2 were conducted in a closed vessel using single-pellet pyrotechnic strands (Holy, 1986) . The collected data consists of the burn time and the pressure-time behavior within the vessel. Because a single pellet is tested, the pressure rise within the vessel is modest and the experiment approximates the isobaric strand burner method with the added pressure-time diagnostic. The pressure data was used to deduce the burning time duration, extrapolate a linear surface regression rate, and measure deviations from this constant rate. Multiple experiments, conducted over a range of initial pressures within the vessel, established the dependence of the surface regression rate on pressure. The steady state burning rate law was fit to the data in which a linear surface regression rate was assumed, thus ignoring the effects of an increased burning surface area in derivation of the rate law. More recently (Holy, 1993) , the same methods were applied to TiH 2 /KClO 4 /Viton mixtures allowing for comparisons to be made with the earlier work on TiH x /KClO 4 and conclusions to be drawn about the effect of the Viton additive on the conductive-to-convective burning transition.
Also in the late 1980's, an experimental (Hingorani-Norenberg and Moore, 1987; HingoraniNorenberg et al., 1990) and modeling (Razani and Shahinpoor, 1988; Razani et al., 1990b,a) effort at SNL/NM was aimed at understanding the zero-free-volume closed bomb burn behavior of TiH 1.65 /KClO 4 . These experiments observed dynamics of the accelerating combustion front and the corresponding bed compaction processes resulting from the rapid increase in bomb pressure. Capturing enough data to determine trends in the zero-free-volume case was found to be incredibly challenging due to the extremely high pressures generated and strength limitations of the confinement vessels. Early models of conductive burning behavior by Razani and Shahinpoor initially studied the problem analytically using the ideal gas equation of state, but later transitioned to modifying TIGER for increased complexity enabling the use of other equations of state. Noting that much of the gas phase data is missing in the literature for the combustion products, many parameters were estimated. Comparison of the model results to the limited experimental data was generally not possible.
In this work, we focus on the subhydride with an equivalenct hydrogen concentration of 1.65. To augment the available burn rate data of TiH 1.65 /KClO 4 in the literature, experiments were conducted in a hybrid closed bomb-strand burner using pyrotechnic strands with bulk densities between 60% and 90% theoretical maximum density (TMD). We are able to leverage the data analysis techniques and analytical representations abundant in the literature for solid propellant strand burner measurements for application to these pyrotechnic studies. The tested pyrotechnic strands have a length-to-diameter ratio of six suitable for acquiring additional information about the conductive to convective burn transition. The next sections provide details of the strand burner setup, strand assembly, data analysis and comparison to the literature.
Experimental 2.1 Pyrotechnic Material
The TiH 1.65 /KClO 4 material was produced as described in Massis (1996) . The ambient pressure crystalline density of THKP is ρ c =2.84 g/cc which is calculated from the mixture of TiH 1.65 and KClO 4 which have crystalline densities of 3.82 and 2.524 g/cc respectively. The powder was pressed into pellets with nominal densities between 58% and 88% TMD using one of two hydraulic presses used for energetic materials (Carver Monarch CMG30-15-BLP or OTC/SPX Model 1834). Nominal measurements of the pellet dimensions and masses given in Table 1 . 
Strand Assembly
Six pyrotechnic pellets were stacked to from a single strand with two black powder initiating pellets on one end. Two 36 AWG nickel chromium (NiCr) ignitor wires were placed between the two black powder pellets, each 0.635 cm (0.25 inch) in diameter and 0.30 cm (0.117 inch) tall. Combustion of the black power pellets was assumed to uniformly ignite the neighboring pyrotechnic pellet. Breakwires were located between the second black powder pellet and the first pyrotechnic pellet and between subsequent neighboring pyrotechnic pellets for a total of six breakwires equally spaced at 6.35 mm (0.25 inch). The strand was installed within a Delrin R support fixture that contained metal contacts for electrical connection of the break wires and ignition wire as shown in Fig. 1 . The support assembly had nominal dimensions of 12.7 cm (5 inches) tall and 3.5 cm (1.4 inches) diameter. The pressure rise in the chamber due to the ignition increment pellets was nominally 0.15 psi as determined from the arrival time of the combustion front at the first break wire.
The breakwires were short pieces of 99.9% pure silver wire with a diameter of 78.48 microns (0.0031 inch). Due to the rigidity of the pellets, locating the break wires in between the pellets resulted in a small gap to exist over the cross section. This resulted in recording "blips" in the pressure data and visual observation of a disturbance to the propagating burn front in a bench-top, ambient experiments. In later tests, the top surface of each pellet was scribed creating a trough for the breakwire thus eliminating any gaps at the interface between neighboring pyrotechnic pellets. Due to the small diameter of the silver wire and relatively low melting temperature of silver, it is assumed that the diagnostic wires break at early time when first coming into contact with the propagating burn front. The uniform recess of each wire below the top surface of each neighboring pellet does not affect the burn rate determination. When installed within the reaction vessel, the break wires complete a circuit. Analysis of the circuit resistances and resistance at the connections confirm that the wires are considered broken when the recorded signal first deviates from the baseline. Additional voltages are recorded in the signals but this is assumed to be due to residual metal in the vessel (i.e., titanium) and unconfined, broken wires contacting other electrically conductive surfaces.
During assembly of the strand, a Teflon fixture facilitated pellet alignment while applying a slight longitudinal force to reduce any gaps between the pellets due to placement of the breakwire. Short sections of fiberglass sheathing are then slid over the breakwires to protect them from failure outside the strand. The strand is then coated with one layer of Barco Bond, MB-185 five-minute epoxy gluing the pellets to one another and the fiberglass sheathing to the strand. This epoxy layer was estimated to have a nominal thickness of 1 mm. After the Barco Bond epoxy cured, the strand was easily removed from the Teflon fixture. At this point two more layers of Hardman Adhesives Extra-Fast Setting Epoxy was painted onto the layer of Barco Bond.
Hybrid Closed Bomb-Strand Burner Description
Our hybrid closed bomb-strand burner, manufactured by Fluitron, Inc., is illustrated in Fig. 2 . The experimental facility consists of the main vessel which contains the test sample, a support structure and gas handling system suitable for experimental pressures up to 345 MPa (50 ksi). The main vessel is a cylinder nominally 40.64 cm (16 inches) long with an outer diameter of 21.6 cm (8.5 inches) and an inner diameter of 3.81 cm (1.5 inches). The vessel is sealed with threaded plugs at the top and bottom. The top vessel plug contains feedthroughs for the internal electrical connections, internal mounts for the strand support assembly, and plumbing connections for the gas handling system. While the vessel is equipped with three 1000W band heaters for heated experiments, the experiments described here were conducted at ambient temperature. The assembled strand was positioned within the strand support assembly and installed within the strand burner. The electrical connections to the ignitor and break wires were made. The reaction vessel was flushed with Argon. The flushing cycle starts with a ten second purge of nitrogen with a supply pressure of 500 psi at the regulator. After the nitrogen flow is stopped, the vessel is allowed to continue venting for an additional ten seconds. The flushing cycle is completed by the closing of the vent valve and the pressurizing of argon or helium to the regulated pressure that is applied to the two-stage booster pump. With the vessel sealed, the strand is ignited by applying a voltage across the Nichrome ignitor wire and the resulting pressure rise was recorded by three gauges. Two Kistler 4067A2000 (2000 Bar) gauges were flush mounted within the main vessel and a Kulite HEM-375-5000 (5000 psi) was located in the vent line approximately 20.3 cm (8 inches) downstream of the main vessel. In all tests, the pressures from the three gauges typically matched. Over the course of testing, combustion residue was found to get trapped within the vent line and the bottom of the reaction vessel. In one case, this residual material plugged the vent line such that the Kulite gauge recorded a lower pressure than the two Kistler gauges.
Time histories of the three pressure gauges, break wires, and ignitor current were recorded for each test. The voltage signal recorded from the break wires was recorded with 1 ms time resolution.
Experimental Results
The burn behavior of ten strands with initial densities between 58% and 88% TMD and initial pressures up to 2.0 MPa were investigated. Details of the tests are given in Table 2 . The surface regression rates and the pressure histories within the vessel are presented in this section and individual plots of the measured data for each test are given in Appendix B. Argon. Break wires were recessed on the downstream side of pellets and a thick epoxy coating was used as a burn inhibitor on the strand perimeter. Parameters of χ and Π at transition refer to the effective bed volume ratio and vessel pressure ratio at the transition from conductive burn to deconsolidated burn within the porous bed as discussed in Section 3.2. † Unrecessed break wires in-between pellets and thin epoxy coating.
Vessel Pressure Histories
The vessel pressure histories for the experiments initially near ambient pressure are given in Figs. 3 and 4. All traces show the same general behavior including a time invariant baseline pressure, a pressure increase due to burning of the strand, and a post-burn plateau pressure. A more detailed look shows the small, yet rapid initial rise in pressure of approximately 0.15 MPa in all traces due to combustion of the black powder ignition increment. This initial pressure increase is followed by an increase of the vessel pressure in time during combustion of the pyrotechnic pellets. Small disturbances to this smooth pressure rise may be visible (such as in the 88% TMD strand and one of the 80% TMD strands) as a result of the pelletto-pellet interfaces. There are two reasons for these disturbances. First, it is known that density gradients will exist in pellets of pressed powders such that a slightly higher density at the pressing ram face exists and this could cause slight variations in the combustion front velocity and vessel pressurization. The orientation of the pellets in each strand as related to the pellet face that was in contact with the pressing ram was not controlled. Second, the presence of the breakwires and trough cut into one face of the neighboring pellets may also cause this disturbance. In all tests, except for one of the 80% TMD tests, the vessel pressure discontinuously increased its rate of change after partially burning through the strand. As is shown in the next section, this discontinuous rise in pressure is also marked with a discontinuous increase in the surface regression rate indicating that transition to convective burning in the porous charge or also called "progressive deconsolidation" (Fifer and Cole, 1976) of the strand has occurred. Under these conditions, the surface regression rate is detemined by the particle parameters such as overall scale effects and burn rates associated with individual particles and localized groups of particles. After the vessel pressure reaches a maximum, the pressure decreases as heat transfer effects become evident and the product gases relax to equilibrium. 
Surface Regression Rates
A Matlab R program calculated the surface regression rate between successive break wires. The surface regression rate r is measured from the time between the electrical opening of successive break wires and their linear separation distance (equal to the pellet height).
This regression rate is reported at the average pressure, (P (t n ) + P (t n−1 ))/2. Figure 5 plots the burn rates for the tests of Table 2 .
The logarithm of the surface regression rate increases linearly when plotted in terms of the logarithm of vessel pressure during the conductive portion of the burn. Upon transition to deconsolidated burning, the surface regression rate increases one or more orders of magnitude until the strand is consumed. Such transitions have been previously observed in the other THKP studies of Holy (1986) Table 2 A single test was conducted with a 58% TMD strand and transition to convective burning was noted within a single pellet. The data collected with 80% TMD and 88% TMD strands appear in Fig. 6 . The data collected with 70% TMD strands is discussed in greater detail in the next section and is compared to the available data in the literature from Holy (1986) . Conductive to convective burning is a large area of research for explosives based on the theories that increased pressurization allows for flame penetration into increasingly smaller cracks at increasingly higher flame velocities until the point of gaseous choked flow (Berghout et al., 2002; Hill, 2005; Kondrikov and Karnov, 1992) . In In porous beds that are prepressurized with an inert gas, as in the case our pyrotechnic strands and those of Holy (1986) , the presence of the inert gas impedes the movement of the hot gases ahead of the combustion front that when combined with the increased burning rate at higher environment pressures (greater conversion of solid particles to gas) forces hot gases forward into the unburned powder bringing it to ignition faster. As noted in the experiments of Holy (1986) that only study the parameter of initial pressure, the transition to convective burning requires a startup process such that at higher initial vessel pressures, the transition occurs sooner in time from the onset of ignition.
The transition point where the discontinuous change in the rate of increase in vessel pressure (and measured surface regression rate) was tabulated in Table 2 . Since this startup process is related to the gas dynamic flow within the porous bed, there should be a correlation between the average initial bed density, the distance down the strand and the instantaneous vessel pressure when transition to deconsolidated burn occurs assuming that the amount of bed compaction preceeding the combustion front is negligible. Figure 7 shows the correlation between an effective bed volume ratio, χ
and the pressure ratio at transition.
The data for the different initial density THKP strands and different initial pressures of this work are plotted along with three data points calculated from the published closed bomb pressure traces of Holy (1986) . The data indicate a strong correlation between the effective bed volume ratio and pressure ratio at the point of transition further supporting the role that the bed permeability has in affecting the average surface regression rate of burning. The good correlation when using the initial average bed porosity indicates that under these hybrid closed-bomb strand burner conditions, significant bed compaction does not appear to affect this start-up process. 
70% TMD Data and Literature Comparisons
Two tests were conducted with 70% TMD strands and a near-ambient pressure initial condition as shown in the surface regression rate data of Fig. 8 and the vessel pressure history data of Fig. 3 . The black data points of Test 10 show steady burn with pressure until the onset of transition to deconsolidated burning. The data associated with the fourth break wire was not available. The grey data points of Test 11 show steady burn until an abrupt transition to deconsolidated burn. During the conductive burning regime, a fit of the surface regression data to the steady rate burn law resulted in the fitted parameters a 1 = 1.9275 and n = 0.5558 with an R 2 coefficient of 0.9692. The available literature for comparison consists of the experiments of Holy (1986) . However, certain differences in the data collection and analysis as compared to this work should be noted. In the work of Holy (1986) , a single-pellet strand is tested within a constant volume closed bomb vessel (initially containing either Helium or Nitrogen) such that the pressure history within the vessel is the only diagnostic. The beginning and ending times of the pellet burn are deduced from the recorded pressure history such that multiple experiments were conducted to establish the relationship of surface regression rate to pressure. A sample vessel pressure history given in Holy (1986) is reproduced in Fig. 9 . The burn is considered to start when the pressure increases from the baseline value. During conductive burning, the pressure increases in a monotonic fashion. After approximate 4 ms, the pressurization rate of the vessel exceeds the linear pressurization rate until the burn is considered complete and the pressure is unchanged with time. This rise is pressure is similar to that observed in this work yet, differs likely due to the amount of material involved. Because a single-pellet strand is used, the amount of surface regression that occurred prior to the discontinuous rise in measured pressure must be inferred using the fitted value for the regression rate during the initial conductive burn. As a result, a linear surface regression is fit to the data masking the presence that transition to a different burning regime occurred. This linearly-assumed regression rate is assigned to the average vessel pressure during each test. Burn Rate (cm/s) Holy (1986) Power Fit Figure 9 . Representative Vessel Pressure History (left) and Burn Rate Plot (right) from Holy (1986) . r = a 1 P n with a 1 = 1.94, n = 0.429.
The experimental data reported here for the 70% TMD strands are compared to the data of Holy (1986) in Fig. 10 . It is important to note that the current data was collected in a vessel pressurized with Argon whereas Holy (1986) Eqn (a 1 = 1.9275, n = 0.5558) from this work and data of Holy (1986) and r = a 1 P n with a 1 = 1.94, n = 0.429.
Closed Bomb Analysis Methods to Pyrotechnics
Closed bomb analysis has been able to represent the pressure-time behavior within a vessel during steady burning of propellants. The propellant community has followed two similar yet distinctly different paths in developing a mathematical formalism to predict the closed bomb pressure-time behavior. Namely, the experimental pressure-time history of the closed vessel can be used to predict the burning rate given assumptions about how the conversion from a solid sample with a known geometry to a volume of gas with a given amount of energy. This method originated with Juhasz and Price (1978) , and refined by Glick and Haun (1990) , and others. More recently, this approach was used by Yilmaz et al. (2008) where no assumptions are made as to the burning rate-pressure relationship yet the burning surface area is known and constant. An alternative method to analyzing closed bomb data follows that of Wiegand where heat transfer is ignored. Refinements to this formalism were carried out by Fayon and Goldstein (1966), and Celmins (1975) . Shimpi and Krier (1975) developed methodology where the burning surface area is determined from geometric relationships relating to the web geometry of a propellant grain and a form of the burning rate-pressure relationship is assumed.
For application of these propellant-based closed bomb formalisms to our binder-less, porous-bed pyrotechnic strands, it is not expected that the burning surface regression would follow that of a propellant with defined geometric relationships, but rather on a more com-plicated relationship dependant on time-varying bed porosity, particle size, and gas permeability. Razani et al. (1990b) , basically following the approach of Shimpi and Krier (1975) , established a statistical representation of the burning surface area that depends on the particle sizes and size distributions. We proceed below with the simplier analysis assuming no heat losses and a constant burning surface to evaluate the collected closed vessel pressure histories.
Following the formulation Shimpi and Krier (1975) , the major equations used to determine the time varying vessel pressure utilize the Noble-Abel equation for the burned gas mixture,
a steady state burning law
where the force constant, λ is a function of the material
Considering the initial mass of material C and the fraction Z that has burned in time the the Nobel-Abel equation becomes
The complication comes into determining haveZ varies with time.
And assuming that geometry matters you can write a relationship for the remaining material at a giventime
The unknown parameter for a porous pyrotechnic bed is S x . For the propellant community in which a burning grain with a known geometry is analyzed, all surfaces are assumed to receed uniformly such that the geometric relationships can be analytically derived or more approximately with the use of a form function as used in the Corner's or Hirschfelder's treatments. These relationships exist for slabs, cords, and single-and multi-perforated grains of propellants AMC (1964) . Since S x is not known a priori for a porous pyrotechnic bed, it is assumed to remain constant as suggested by the strong correlation between χ and Π at transition using the initial bed density (Fig. 7) . If an infinitely thin combustion front is assumed, then the burn surface available at a given axial position within the bed would depend on the average void space between the pyrotechnic particles and the strand crosssectional area.
where K is a fitting parameter to the measured data. It is known that the combustion front has a finite thickness and so K can be thought to represent the burn front thickness along the strand axis in terms of the initial bed porosity.
The remaining unknown is the covolume which is typically determined from a suitable equation of state. For zero-free-volume closed bomb analysis, a pressure-or densitydependant covolume relationship is necessary for accurate representation of the vessel pressure increase (Razani et al., 1990b) . For these experiments with a sufficiently large vessel, a constant, covolume approximation where η ≈ 1/ρ s is assumed.
The predicted pressure histories during the conductive burn are plotted in Fig. 11 and Fig. 12 along with the measured vessel pressure histories. The predictions are shifted in time to begin at the first break wire signal. In general, the closed bomb approximated vessel pressure agreed with the experimentally recorded pressures for all densities. The highest density, 88% TMD, strand shows a greater difference in the rate of pressure rise between experiment and model likely due to the inaccuracies associated with the constant covolume approximation. Table 4 gives the values of the fitting parameter K required to alter the burning surface area at each strand density. Table 4 . Dependance of K on bulk strand density.
K is found to increase with increasing initial density however the product of K with the average void space based on the initial strand density is found to decrease with increasing initial density. This decrease in burning surface area with increasing strand density could be attributed to the lower permeability of the strand or the faster rate of surface regression. Novel experiments aimed at measuring this locally-and time-varying burning surface area in the porous pyrotechnic strands would be very interesting although very challenging. A more likely approach to determine a more realistic value of S x /V 0s would be computational approaches that resolve the particles of the porous bed and can calculate the multiphase environment during propagation of the conductive burn front. 
Conclusions
An experimental study was conducted to measure the burning behavior of THKP within a hybrid closed-bomb strandburner. This is the first presentation of this data as a function of strands varying initial average densities between 60-90% TMD and initial pressures between ambient and 100 MPa. Steady burn rates as a function of initial strand density were calculated. Evidence of transition from conductive to deconsolidated burning was presented and compared to the previous work of Holy (1986) . A correlation between the effective bed volume ratio χ and the vessel pressure ratio Π at the transition to deconsolidated burn was presented suggesting that for these conditions there is no significant changes to the average bed density (such as compaction or fragmentation) during the conductive burn regime. After this transition, the burn is highly erratic with sruface regression rates orders of magnitude greater than the conductive regression rates or in some cases, the apparant complete loss of the remaining strand segments or complete deconsolidation of the porous pellets. An analogy to the closed bomb analysis methods commonly used with propellants is made to predict the vessel pressure rise during the conductive burning regime assuming that the burning surface area remains constant and related to the average initial bed porosity arocss the strand cross-section. Table 6 . Surface regression rate data for Tests 7-13.
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